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a b s t r a c t
Hematopoietic stem cells (HSCs) are present in hematopoietic organs and differentiate into mature blood
cells as required. Defective HSCs have been implicated in the human autoimmune disease Tn syndrome,
which results from the failure of the core 1 β1,3-galactosyltransferase 1 enzyme (C1β3GalT1) to
synthesize T antigen. In both mice and humans, a reduced level of T antigen is associated with a
reduction in blood cell numbers. However, the precise roles of T antigen in hematopoiesis are unknown.
Here, we show that the Drosophila T antigen, supplied by plasmatocytes, is essential for the regulation of
HSCs. T antigen appears to be an essential factor in maintaining the extracellular environment to support
ﬁlopodial extensions from niches that are responsible for transmitting signaling molecules to maintain
the HSCs. In addition, our results revealed that the clotting factor, hemolectin, disrupted the hemolymph
environment of C1β3GalT1 mutants. This study identiﬁed a novel mucin function for the regulation of
HSCs that may be conserved in other species.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Tissue ﬂuids are present in all intercellular spaces in multicellular
organisms. These ﬂuids not only keep the tissues moist but also aid
the exchange of nutrients in the tissues and removal of waste
materials. Hence, tissue ﬂuids play important fundamental roles in
the normal cellular function of various tissues. The basic composition
of tissue ﬂuid is remarkably similar to that of blood plasma because of
the unrestricted passage of ﬂuids between blood vessels, tissues, and
lymph vessels. Consequently, any defects in the blood plasma are
likely to have an impact on the whole body.
Core 1 β1,3-galactosyltransferase (C1β3GalT), an evolutionarily
conserved enzyme, transfers galactose (Gal) to a mucin type O-
glycan N-acetylgalactosamine (GalNAc)α1-O-Ser/Thr structure (Tn
antigen), to synthesize a Galβ1–3GalNAcα1-O-Ser/Thr (T antigen).
The functions of T antigen have been analyzed using C1β3GalT
mutants, and various studies have shown that loss of C1β3GalT1
function is associated with a wide range of defects, including
developmental abnormalities and disease. In mice, loss of T
antigen causes thrombocytopenia (Alexander et al., 2006; Kudo
et al., 2013; Wang et al., 2012) and disorders in blood vessels (Fu et
al., 2008; Xia, 2004), while in humans it causes Tn syndrome, in
which patients exhibit thrombocytopenia and hemolytic anemia
(Berger, 1999). In some Tn syndrome patients, the disease is
initiated by the malfunctioning of Cosmc, a chaperone protein
for human C1β3GalT (Ju and Cummings, 2005). As many types of
blood cells are affected in Tn syndrome, it is conceivable that the
hematopoietic stem cells (HSCs) are also affected (Haynes et al.,
1970). However, the precise roles of T antigen in hematopoiesis are
unknown. We previously reported that Drosophila embryonic
hemocytes have T antigens, and that the number of embryonic
plasmatocytes is reduced in dC1β3GalT1EY13370 mutant larvae
(Yoshida et al., 2008). Because these ﬁndings strongly suggest that
T antigen may have conserved functions in blood cell lineages
among species, we studied the function of T antigen in the
Drosophila lymph gland, the larval hematopoietic organ.
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Drosophila has two stages of hematopoiesis: embryonic and
larval (Lebestky et al., 2000; Tepass et al., 1994). Embryonic
hematopoiesis occurs in the head region of the developing
embryo. Hemocytes then migrate through the dorsal and ventral
midlines, and ﬁnally spread in the whole embryo (Tepass et al.,
1994). A subset of embryonic hemocytes are then homed and
restricted on the epidermis in the posterior part of the body;
these are called sessile hemocytes (Goto et al., 2003; Lanot et al.,
2001; Zettervall et al., 2004). It has been suggested that the
sessile hemocytes contain HSCs (Markus et al., 2009). In contrast
to embryonic hemocytes, larval hematopoiesis occurs in the
lymph gland, which is located just beneath the dorsal epidermis.
Larval hemocytes do not migrate from the lymph gland before
the pupal stage, whereas embryonic hemocytes circulate
throughout the larval body cavity (Holz et al., 2003). Accord-
ingly, during the larval stages, blood cells derived from each
lineage can be distinguished based on their mobility. The lymph
gland contains three domains: the posterior signaling center
(PSC), the medullary zone (MZ), and the cortical zone (CZ) (Jung
et al., 2005). The MZ consists of hematopoietic precursor cells
(the HSCs); the CZ contains differentiated blood cells, including
plasmatocytes (Jung et al., 2005); and the PSC is viewed as the
stem cell niche (Fig. 1A). Signals from the niche have been
shown to regulate HSCs, including the Hedgehog (Hh) and JAK-
STAT signaling pathways (Krzemień et al., 2007; Mandal et al.,
2007), Wnt (Wg) signaling and reactive oxygen species (ROS)-
dependent pathways (Owusu-Ansah and Banerjee, 2009;
Sinenko et al., 2009), and Pvr/Pvf1 signaling pathways
(Mondal et al., 2011). One possible mechanism for the delivery
of signaling molecules from the PSC to the distant HSCs is via
ﬁlopodial extensions.
Here, we show that the formation of proper ﬁlopodia is
disrupted in dC1β3GalT1 mutant larvae. Consistent with a
potential role for the ﬁlopodia in the regulation of the stem
cell population, the numbers of HSCs were strongly reduced
and the numbers of differentiated blood cells were increased in
dC1β3GalT1 mutant larvae. Rescue experiments revealed that
dC1β3GalT1 is required in the plasmatocytes for the production
of a functional T antigen, which in turn affects the formation of
ﬁlopodia from the PSC to the HSCs. Morphological and mole-
cular analyses of the mutant lymph glands showed that the loss
of ﬁlopodia was caused by the accumulation of coagulation
factors. Speciﬁcally, hemolectin (Hml), which is normally
secreted by plasmatocytes to the hemolymph, accumulated on
the plasmatocyte membranes and throughout the lymph
glands, resulting in a so-called clotting shell. Reduction of
Hml via RNA interference (RNAi) from the mutant plasmato-
cytes restored the ﬁlopodial formation and the HSC population,
providing evidence that the proper secretion of coagulation
factors is essential for ﬁlopodial formation and normal
hematopoiesis.
Material and methods
Fly stocks and crosses
The following Drosophila strains were used in the experiments:
domeless-Gal4 (kindly provided by Stephane Noselli, University of
Nice Sophia-Antipolis, Nice, France), domeMESO-lacZ (kindly pro-
vided by James Hombria, Campus University, Seville, Spain),
srpHemo-Gal4 (kindly provided by Katja Bruckner, University of
California, San Francisco, CA USA), and collier-Gal4 (kindly pro-
vided by Michele Crozatier, Universite Toulouse III, Toulouse,
France). The following stocks were obtained from the Bloomington
stock center: dC1β3GalT1EY13370/CyO, UAS-SCAR RNAi, hml-Gal4/
TM6, Hmlf03374/TM6, UAS-rpr, UAS-GFP.nls, and UAS-mCD8GFP/
TM6. The following stock was obtained from the Vienna Drosophila
Resource Center: UAS-Hml RNAi. For the imaging and rescue
experiments, dC1β3GalT1EY13370 was combined with domeless-
Gal4, collier-Gal4, hml-Gal4, srpHemo-Gal4, or Hmlf03374. The ﬂies
were raised on a standard cornmeal-agar diet, and all crosses were
performed at 25 1C, unless stated otherwise. The Canton-S strain
was used for the analysis of wild type ﬂies.
Cloning of the rescue construct
The rescue construct for dC1β3GalT1 was generated by 2-Step
Gateway PCR (Invitrogen, Carlsbad, CA, USA). We ﬁrst prepared the
cDNA library fromwild type third instar larvae for the template. Then,
the full-length dC1β3GalT1 coding sequence (1167 base pairs) was
ampliﬁed by using the following primer set for the ﬁrst-step PCR:
forward primer 50–AAAAAGCAGGCTCAAAATGACTGCCAACAGTCTG-30;
and reverse primer 50–AGAAAGCTGGGTTTATTGCGTCTTTGTCTCG-30.
For the second-step PCR, we used the ﬁrst PCR product as a template;
a forward primer that included the attB1 site, 50–GGGGACAAGTTTG-
TACAAAAAAGCAGGCT-30; and a reverse primer that included the
attB2 site, 50–GGGGACCACTTTGTACAAGAAAGCTGGGT-30. The ampli-
ﬁed fragments were subcloned into the pDONR201™ vector (Invitro-
gen). The ampliﬁed product was cloned into the pUAST vector to yield
pUAST-dC1β3GalT1, which was microinjected into embryos to gen-
erate transgenic ﬂies, as described previously (Spradling and Rubin,
1982).
Immunohistochemistry and western blot analysis
Lymph glands were ﬁxed and stained using a previously
described method for wing discs (Matsuno et al., 2002). The
following antibodies were used: mouse Anti-NimC1 (1:100; also
known as P1, kindly provided by István Ando, Hungarian Acad-
emy of Sciences, Szeged, Hungary), mouse Anti-Hnt (1:100;
Developmental Studies Hybridoma Bank [DSHB], Iowa City, IA,
USA), mouse Anti-Antp (1:100; DSHB, USA), PNA-biotin (1:300;
Seikagaku, Tokyo, Japan), Helix pomatia agglutinin (HPA)-Rhoda-
mine (1:300; EY Laboratories, San Mateo, CA, USA). Secondary
antibodies – Cy3 and Cy5 (1:300; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA), and Streptavidin 555
(1:300; Molecular Probes, Life Technologies Japan, Tokyo, Japan).
Images were taken on an LSM 5 Pa confocal microscope (Carl
Zeiss, Oberkochen, Germany) using either 20 Plan-NEOFLUAR
(NA 0.5; Carl Zeiss, Germany) or 63 Plan-APOCHROMAT (NA
1.4 Oil DIC; Carl Zeiss, Germany) oil objectives at room tempera-
ture, and were processed using Adobe Photoshop, LSM browser
(Carl Zeiss, Germany), ImageJ (National Institutes of Health), and
Inkscape version 0.48 (http://www.inkscape.org/).
For the lectin blot and western blot analyses, the primary and
secondary lobes of the lymph glands were collected. Hemo-
lymph was harvested by bleeding the larvae in phosphate-
buffered saline (PBS). The lymph glands and hemolymph were
homogenized in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1%
Triton™ X-100 (Sigma Aldrich Japan, Tokyo, Japan) with pro-
tease inhibitors (1 mM PMSF, 10 μg/mL aprotinin, 10 μg/mL
pepstatin A, 10 μg/mL leupeptin, and 1 μg/mL antipain), and
then the samples were centrifuged at 18,000g for 10 min to
remove debris before analysis by lectin or western blotting. The
samples from the lymph glands and hemolymph were subjected
to 5.0% sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE), and transferred onto polyvinylidene ﬂuoride
(PVDF) membranes (Millipore, Billerica, MA, USA). For the lectin
blot analyses, the membranes were labeled with a PNA lectin
(1:10000; Seikagaku; Tokyo, Japan) and an HPA lectin (1:1000;
EY Laboratories) conjugated to horseradish peroxidase. For
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western blotting analyses, the membranes were labeled with a
rabbit anti-Hml antibody (1:3000–1:1000, Abcam, Cambridge,
MA, USA) and further with an anti-rabbit immunoglobulin G
(IgG) antibody conjugated to horseradish peroxidase (Cell Sig-
naling Technology, Danvers, MA, USA). Bands were visualized
with the ECL™ prime western blotting detection reagent (GE
Healthcare Bio-Science Japan; Tokyo, Japan). The intensity of
lectin blotting bands was measured using the Gel Plotting
Macros, NIH ImageJ.
Roughness index
The surface roughness of a three-dimensional ﬁgure is
deﬁned by the ratio of its surface area to volume. However,
because it is difﬁcult to measure the surface area and volume of
a lymph gland, we reduced the image to two dimensions, and
evaluated the roughness of the outline of the lymph gland using
projected ﬁgures. A two-dimensional ﬁgure can be deﬁned by
the ratio of its perimeter to area. Thus, we calculated the
roughness index (RI) as the perimeter divided by the square
root of area. For example, a true circle has the smallest RI of any
two-dimensional ﬁgure (i.e., RI value¼3.5449). In contrast, the
largest RI will be achieved by a fractal diagram (i.e., RI
value¼positive inﬁnity). In principle, similar ﬁgures have the
same RI, which is not affected by the size of the diagram, i.e., RI
is robust to small differences in growth between lymph glands
(Fig. S1G and H). For these reasons, we adopted this index to
evaluate the roughness of lymph gland surfaces. Images of the
lymph glands were obtained using an LSM 5 Pascal confocal
microscope. The perimeter and area of the lymph glands were
measured using the ImageJ.
Statistical analysis
Statistical evaluation of the differences between the groups was
carried out by Student's t-test or the Bonferroni multiple compar-
ison test using the R software version 3.0.0 (http://www.r-project.
org/). A P-value of less than 0.05 was considered signiﬁcant.
Results
T antigen is expressed on the larval lymph gland
Previously, we reported that embryonic hemocytes have T
antigens (Yoshida et al., 2008). Our ﬁrst step here was to
determine whether this was also true of hemocytes in the lymph
gland. In the lymph glands of wild type larvae, T antigen, detected
by the lectin peanut agglutinin (PNA), was expressed strongly in
the CZ and weakly in the MZ (Fig. 1B). In the CZ, T antigens
co-localized with NimC1, which was expressed on differentiated
blood cells and which mainly consisted of plasmatocytes (Fig. 1C
and D). In contrast, T antigen was not detected in the lymph glands
of dC1β3GalT1EY13370 mutants (Fig. 1E–G).
Mature plasmatocytes were found in the lymph glands of
dC1β3GalT1EY13370 mutants (Fig. 1F). These plasmatocytes were
scattered throughout the primary lobe of the lymph glands, and
were also observed in the secondary lobes of the mutant larvae
(Fig. 1G, arrowheads), whereas the secondary lobes of wild type
larvae contained only HSCs. Another type of mature hemocyte,
crystal cells (CCs), was also examined using an anti-Hindsight
(Hnt) antibody. The numbers of CCs were dramatically increased
in the lymph glands of the dC1β3GalT1EY13370 mutants (Fig. 1J, K,
and P), compared with those of the wild type larvae (Fig. 1H and
I). As in the case of plasmatocytes, CCs were also observed in the
secondary lobe (Fig. 1K, arrowhead). These results suggest an
early onset of HSC maturation in the lymph glands of the
dC1β3GalT1EY13370 mutants (Krzemień et al., 2007; Mandal et
al., 2007). These results also indicated that T antigens are not
required in the lymph gland for the maturation of HSCs into
plasmatocytes.
We next examined whether the normal population of HSCs was
present in the MZ in the lymph glands of the dC1β3GalT1EY13370
mutants. As domeless has been reported to be expressed in HSCs
(Jung et al., 2005; Krzemień et al., 2007; Mandal et al., 2007), we
were able to identify the MZ using a nuclear-localized green
ﬂuorescent protein (GFP) reporter (UAS-GFP.nls), induced by
domeless-Gal4. In the wild type larvae, HSCs were detected in the
medial region of the lymph glands (Fig. 1L). In contrast, HSCs were
absent from the lymph glands of the dC1β3GalT1EY13370 mutants
(Fig. 1M). Our analysis revealed that the number of HSCs was
signiﬁcantly reduced (Fig. 1Q). As plasmatocytes and CCs were
abnormally increased in third instar larvae (Fig. 1C, F, I, and K), the
reduction of HSCs strongly indicated the premature differentiation of
HSCs into mature hemocytes in the lymph glands of dC1β3Gal-
T1EY13370 mutant third instar larvae. Data from the previous studies
suggest that the mutant phenotype may be explained by (i) the
absence of PSC cells, (ii) lack of ﬁlopodial extensions from PSC cells,
or (iii) failure of signaling molecules from the PSC in transmitting
their signals (Krzemień et al., 2007; Mandal et al., 2007). To
investigate these possibilities, we investigated whether PSC cells
were present in the lymph glands of the dC1β3GalT1EY13370 mutants
by analyzing Antennapedia (Antp) expression, a marker for PSC from
the late embryonic stage (Mandal et al., 2007). Compared to the wild
type larvae, in the dC1β3GalT1EY13370 mutants, similar numbers of
cells expressing Antp were detected in the posterior-medial region of
the lymph gland (Fig. 1R), although Antp-positive cells were more
closely positioned to each other in the mutant than in the wild type
Fig. 1. HSCs are not maintained in the lymph glands of the dC1β3GalT1 mutants. (A) Schematic representation of the lymph gland. The cell types, markers, and Gal4 driver
are indicated. (B–G) Lymph glands of third instar larvae showed strong expression of the T antigen on NimC1-positive mature plasmatocytes located in primary lobes.
Pericardial cells (PC) showed strong expression of T antigens (B–D). No T antigens were detected on dC1β3GalT1EY13370 plasmatocytes. Note that the mature plasmatocytes are
located in the secondary lobe (E–G, arrowheads). (H, I) In the wild type larvae, Hnt positive crystal cells (CCs) were found to be located within the cortical zone, where T
antigen is strongly expressed. (J, K) The number of CCs was greatly increased in the primary lobes of the dC1β3GalT1EY13370 mutants. (L, M) In the wild type larvae, the
medullary zone (MZ) marker (domeless-Gal4 UAS-GFPnls) was detectable in a population of HSCs. This marker was not detected in the dC1β3GalT1EY13370 mutants. (N, O)
Antp-expressing posterior signaling center (PSC) cells were maintained in both wild type and dC1β3GalT1EY13370 third instar larvae. PSC cells were found to be more tightly
packed at the posterior edge of the primary lobe, in the dC1β3GalT1EY13370 larvae than in the wild type larvae. (B–O) The primary lobes are outlined by a yellow dotted line,
and the border between the MZ and CZ is shown by a white dotted line. (P) The number of CCs was signiﬁcantly increased in the primary lobes of the dC1β3GalT1EY13370
mutants and in the mutant that expresses dC1β3GalT1 from plasmatocytes using hml-Gal4. The mean7standard deviation and number of observations for each genotype are
as follows: control, 23.6720.60, n¼15; dC1β3GalT1EY13370, 199.87158.4, n¼8; and dC1β3GalT1EY13370; hml-Gal4 UAS-dC1β3GalT1, 250.0752.9, n¼11. (Q) HSC numbers were
greatly reduced in dC1β3GalT1EY13370. By supplying T antigen from plasmatocytes, reduction of HSCs was restored. The mean7standard deviation and number of
observations for each genotype are as follows: control, 0.4270.14, n¼12; dC1β3GalT1EY13370, 0.03470.040, n¼28; and dC1β3GalT1EY13370; hml-Gal4 UAS-dC1β3GalT1,
0.5670.085, n¼14. (R) The number of PSC cells was similar among wild type, dC1β3GalT1EY13370 mutants, and the mutants that express dC1β3GalT1 from plasmatocytes. The
mean7standard deviation and number of observations for each genotype are as follows: control, 32.38710.84, n¼8; dC1β3GalT1EY13370, 41.12710.19, n¼8; and
dC1β3GalT1EY13370; hml-Gal4 UAS-dC1β3GalT1, 26.178.154, n¼10. The dC1β3GalT1EY13370 mutants are indicated as dC1β3GalT1-. Scale bars: 50 μm.
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larvae (Fig. 1N and O). Therefore, we concluded that PSC cells were
generated and survived in the dC1β3GalT1 mutants. To investigate
the second possibility, we labeled cell membranes using a GFP-
conjugated tag to allow visualization of ﬁlopodia. We found that the
length of ﬁlopodial extension was greatly reduced in the lymph
glands of the dC1β3GalT1EY13370 mutants, compared with the wild
type larvae (Fig. 2A–A0 0, B–B0 0 and K), although the numbers of
protrusions from PSC cells were similar (Fig. 2L). Because reduced
ﬁlopodial extension was observed, we hypothesized that the usual
patterns of signaling from the PSC to the MZ, mediated by the
ﬁlopodia during the third instar larval stage, are curtailed in the
dC1β3GalT1EY13370 mutants.
Fig. 2. Extracellular T antigen is required for formation of ﬁlopodia. (A–D) Filopodia in PSCs identiﬁed using collier-Gal4 UAS-mCD8GFP (membrane-targeted GFP conjugate).
(A–B0 0) PSC cells and ﬁlopodia are shown in white. In contrast to wild type larvae, long ﬁlopodial extensions (arrowheads in A–A0 0) were rarely detected in dC1β3GalT1EY13370
larvae (magniﬁed images are shown in A0 , A0 0 , B0 and B0 0). (C) No ﬁlopodia were observed in col-Gal4 UAS-dC1β3GalT1 in dC1β3GalT1EY13370 larvae. (D) Filopodial extension was
restored by the overexpression of dC1β3GalT1 in dC1β3GalT1EY13370 plasmatocytes (arrowheads). Filopodia are shown in green. (E–G) In dC1β3GalT1EY13370; hml-Gal4 UAS-
dC1β3GalT1 larvae, lymph glands with restoration of ﬁlopodial formation in PSCs also showed maintenance of HSC numbers (domeMESO-lacZ). (H–J) srpHemo-Gal4 UAS-
dC1β3GalT1 resulted in the formation of a clearly deﬁned cortical zone (CZ) in the dC1β3GalT1EY13370 lymph gland. (K) Lengths of ﬁlopodial protrusions were signiﬁcantly
shortened in dC1β3GalT1EY13370. This shortening was restored by the reduction of Hml in dC1β3GalT1EY13370 plasmatocytes. The mean7standard deviation and number of
observations for each genotype are as follows: control, 3.7272.50, n¼712; dC1β3GalT1EY13370, 1.0370.74, n¼155; and dC1β3GalT1EY13370; hml-Gal4 UAS-Hml RNAi,
2.5071.28, n¼182. (L) There were no differences in the number of ﬁlopodial protrusions from PSC cells among the control, dC1β3GalT1EY13370, and the dC1β3GalT1EY13370
mutant that lost Hml in plasmatocytes. The mean7standard deviation and number of observations for each genotype are as follows: control, 18.2578.68, n¼8;
dC1β3GalT1EY13370, 16.4178.91, n¼5; and dC1β3GalT1EY13370; hml-Gal4 UAS-Hml RNAi, 15.87714.49, n¼15. (M–O) HSCs and differentiated cells were normally distributed in
the lymph glands of control larvae. (P–R) In the col-Gal4 UAS-SCAR RNAi lymph gland, HSCs and differentiated cells were dramatically reduced and increased, respectively.
(E–J and M–R) The primary lobes are outlined by a yellow dotted line, and the border between the MZ and CZ is shown by a white dotted line. The dC1β3GalT1EY13370 mutants
are indicated as dC1β3GalT1-. PI: propidium iodide. Scale bars: (C, D) 10 μm, (E–J) 50 μm, (M–R) 50 μm.
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T antigen supplied by plasmatocytes is required for the proper
extension of ﬁlopodia
Reduction in ﬁlopodial formation in dC1β3GalT1EY13370 larvae
could result from disruption of the cellular mechanisms of
ﬁlopodial formation in PSC cells. To test this possibility, we over-
expressed a rescue construct, dC1β3GalT1, in the PSCs of
dC1β3GalT1EY13370 larvae. Ectopic expression of T antigens in the
PSC cells of dC1β3GalT1EY13370 mutants was carried out using
collier (col)-Gal4. Filopodia were simultaneously labeled using
membrane-targeted GFP. If the T antigens on PSC cells regulate
the formation of ﬁlopodia, then the overexpression of dC1β3GalT1
in the PSC should restore ﬁlopodial extension in the dC1β3Gal-
T1EY13370 mutants. This outcome was not observed; rather, the
development of ﬁlopodia continued to be disrupted (Fig. 2C).
Therefore, we concluded that the failure to form ﬁlopodia properly
in the dC1β3GalT1EY13370 mutants was not a result of deﬁciencies in
the ﬁlopodial formation machinery in the PSCs. In the lymph glands
of the wild type larvae, mature plasmatocytes secrete various
proteins, including a glycoprotein carrying T antigen (Fig. 1B). There-
fore, we induced dC1β3GalT1 expression in mutant plasmatocytes via
hml-Gal4 and found that a plasmatocyte-speciﬁc supply of T antigen
restored ﬁlopodial extension (Fig. 2D, arrowheads). Although T
antigens and GFP were expressed in both PSC and hemocytes in this
experiment, we believed that hemocyte-derived T antigens were
responsible for the restoration of ﬁlopodia, because supply of T
antigen alone in the PSC did not have this restorative effect (Fig. 2C).
We next investigated whether HSCs might be present in the lymph
glands of the dC1β3GalT1EY13370 mutants after ﬁlopodial restoration by
the ectopic supply of T antigens from plasmatocytes. To test this, we
Fig. 2. (continued)
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marked HSCs using the domeMESO-lacZ reporter, which is expressed
under the control of the mesodermal enhancer of domeless (Krzemień
et al., 2007), and expressed it simultaneously with dC1β3GalT1 under
the control of hml-Gal4 in the dC1β3GalT1EY13370 mutants. Consistent
with our hypothesis, HSCs were detected in the medial region of the
lymph gland (Fig. 1Q and Fig. 2E–G). In addition, a tightly deﬁned CZ
without any scattering of plasmatocytes was observed when the
expression of T antigen was induced in the dC1β3GalT1EY13370 mutants
by another hemocyte lineage-speciﬁc driver, srpHemo-Gal4 (Bruckner
et al., 2004) that was expressed in a small population of plasmatocytes
in the lymph gland (Fig. 2H). This demonstrated that the normal
pattern of cell differentiation was also rescued in the lymph glands
(Fig. 2I and J, compared with Fig. 1D). Our analyses demonstrated that
externally supplied T antigens were required for ﬁlopodial extension in
PSC cells and suggested that proteins carrying T antigens played an
important role in maintaining an appropriate environment to support
HSCs. In contrast to the above restorations, the number of CCs was not
reversed to that of the wild type, suggesting that the T antigens
supplied by plasmatocytes were not responsible for the observed
increase of CCs (Fig. 1P). Further, we directly disrupted ﬁlopodia in the
PSC by blocking the expression of the suppressor of cAR (SCAR)
protein to investigate the importance of ﬁlopodia in the regulation of
HSCs. Loss of the SCAR protein resulted in the loss of formation of
ﬁlopodia in cultured cells (Biyasheva et al., 2004). As a result of the
direct disruption of ﬁlopodia in the hematopoietic niche, the numbers
of mature blood cells were greatly increased while those of HSCs were
decreased based on labeling with domeMESO-lacZ (Fig. 2M–R). This
result clearly showed that the ﬁlopodia were needed for maintenance
of the HSC population. In addition, our results also demonstrated that
a normal production of signaling molecules occurred in the PSCs of
dC1β3GalT1EY13370 mutants, because a simple restoration of ﬁlopodial
formation in the PSC rescued the population of HSCs in the MZ.
dC1β3GalT1 mutants have abnormally thick lymph glands
In the mutant larvae, ﬁlopodial extension in the PSC was rescued
by the overexpression of dC1β3GalT1 in plasmatocytes that were not
located within the PSC. Our next step was to identify the mechanisms
underlying this indirect rescue of ﬁlopodial extension. Examination of
the morphological features of lymph glands from the wild type and
dC1β3GalT1EY13370 mutant larvae revealed clear differences. The lymph
glands of wild type larvae were thin and ﬂattened, and readily
collapsed under surgical manipulation; in contrast, the lymph glands
of the dC1β3GalT1EY13370 mutants were thick, had a rounded surface,
and did not collapse easily (Fig. 3A, B, D and E). Then, we compared
the morphologies of the lymph gland cells of the wild type and
dC1β3GalT1EY13370 mutant larvae, following staining with propidium
iodide (Fig. 3A–F). Quantitative analyses revealed that the lymph
glands of the dC1β3GalT1EY13370 mutants were signiﬁcantly thicker
than those of the wild type larvae (Fig. 3D, E and G). This might be a
consequence of the early differentiation of hemocytes. It has been
reported that mature hemocytes can proliferate in the CZ, although
HSCs are quiescent (Jung et al., 2005). In the lymph glands of the
dC1β3GalT1EY13370 mutants, early onset of hemocyte maturation
provided longer opportunity for proliferation, compared with the wild
type larvae. The thickening of the lymph glands in the dC1β3Gal-
T1EY13370 mutants was restored when dC1β3GalT1 was overexpressed
in their plasmatocytes (Fig. 3C, F and G). We also noticed that the
surface of the lymph gland, as deﬁned by the morphology of the
cellular periphery, was considerably smoother in the dC1β3Gal-
T1EY13370 mutants than in the wild type larvae (Fig. 3A and B and
Fig. S1A–D). In order to quantify this difference, we developed the RI
(see Material and methods). Using this index, we conﬁrmed that the
lymph glands of the mutants were signiﬁcantly smoother, compared
with wild type larvae (Fig. 4H).
Fig. 3. Morphological defects in the lymph glands of the dC1β3GalT1 mutants. (A–F) Morphology of lymph glands in which cellular nuclei have been stained with propidium
iodide. Dorsal view of the primary lobe (A–C). Transverse section of the primary lobe (D–F). (G) Cross-sections show that the lymph gland of the dC1β3GalT1EY13370 mutant
was signiﬁcantly thicker than that of the wild type. The mean, standard deviation, and number of observations for each genotype are as follows: wild type, 30.374.97, n¼19;
dC1β3GalT1EY13370, 57.7710.1, n¼26; and dC1β3GalT1EY13370; hml-Gal4 dC1β3GalT1, 38.578.46, n¼18. P-values for a one-sided Wilcoxon rank sum test are indicated. The
double dagger (‡) indicates a two-sided test. The dC1β3GalT1EY13370 mutants are indicated as dC1β3GalT1-. Scale bars: 20 μm.
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The hemolymph of dC1β3GalT1EY13370 larvae appeared to be more
viscous than that of the wild type larvae, suggesting that coagulation
of hemolymph might have occurred in the hemocoel of mutant larvae
despite the absence of any obvious infection by microorganisms or
wounds. In the moth, Galleria mellonella, ﬁlopodial extension from the
hemocytes is inhibited by clots produced by hemolymph coagulation
(Bidla et al., 2005). Since the hemolymph coagulation and clotting
processes are similar in Galleria and Drosophila (Bidla et al., 2005), we
hypothesized that both the inhibition of ﬁlopodial extension in the
PSC and the smooth surface of the lymph gland might have resulted
from the ectopic coagulation of an unknown substance(s) around the
lymph gland of the dC1β3GalT1EY13370 mutants.
The lymph gland of the dC1β3GalT1 mutant is coated with an Hml-
containing “shell”
T antigen is synthesized by the transfer of Gal to O-linked
GalNAc on polypeptides, termed Tn antigen. Loss of dC1β3GalT1
function results in the exposure of Tn antigen on the surface of
blood cells. To investigate this effect, we performed lectin blot
analysis on wild type and mutant lymph glands and hemolymph,
using two different lectins, PNA and HPA. PNA recognizes Galβ1–
3GalNAc and thus labels the mature T antigen. HPA recognizes
GalNAc and enables visualization of the Tn antigen. We found that
Tn antigen was abundantly distributed throughout the lymph
Fig. 4. Prevention of ﬁlopodial extension by a shell-like structure around the lymph gland in the dC1β3GalT1 mutants. (A–C) In the wild type lymph gland, no HPA-positive
materials were detected. (D–G) Cell surface shells were Helix pomatia agglutinin (HPA)-rhodamine positive and contained hemolectin (Hml). The surface of the lymph glands
of the dC1β3GalT1EY13370 mutants were found to be covered with a shell (D). HPA recognizes the Tn antigen. A cross-section showing that this shell is thick and contiguous
but with some holes (D, E, arrowheads). The atypical surface structure of the lymph gland observed in the dC1β3GalT1EY13370 mutants were greatly reduced in
dC1β3GalT1EY13370; Hmlf03374 larvae (F). Cross-section of the lymph gland of dC1β3GalT1EY13370; Hmlf03374 larvae showing a thin, non-uniform residue of shell components (G).
(H) The roughness index (RI) indicates the smoothness of the lymph gland periphery for each genotype. The lymph glands of the dC1β3GalT1EY13370 mutants were
signiﬁcantly smoother those of the wild type larvae. The lymph glands of the dC1β3GalT1EY13370; Act5C-Gal4 UAS-dC1β3GalT1 rescue and dC1β3GalT1EY13370; Hmlf03374 larvae
were signiﬁcantly less smooth compared with those of the dC1β3GalT1EY13370 larvae. The lymph glands showed further restoration of wild type appearance in
dC1β3GalT1EY13370; Act5C-Gal4 hml-Gal4 UAS-dC1β3GalT1. The mean, standard deviation, and number of observations for each genotype are as follows: wild type,
6.5170.99, n¼14; dC1β3GalT1EY13370, 4.3670.32, n¼21; dC1β3GalT1EY13370; Act5C-Gal4 UAS-dC1β3GalT1, 5.0870.60, n¼23; dC1β3GalT1EY13370; Hmlf03374, 4.9070.55, n¼25;
and dC1β3GalT1EY13370; Act5C-Gal4 hml-Gal4 UAS-dC1β3GalT1, 5.4470.73, n¼31. P-values for a one-sided Wilcoxon rank sum test are indicated. (I–K) HPA was also detected
around Antp-positive PSC cells in dC1β3GalT1EY13370 larvae. (A–G) The primary lobes are outlined by a yellow dotted line. The dC1β3GalT1EY13370 mutants are indicated as
dC1β3GalT1-. Scale bars: (A–G) 50 μm, (I–K) 20 μm.
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glands of the mutants (Fig. 4D) in a pattern that coincided with
that of the abnormal distribution of plasmatocytes (Fig. 1F),
although Tn antigen was not detected in the wild type lymph
gland (Fig. 4A–C). This result indicates that Tn antigen is likely
secreted from plasmatocytes. We also noted that the edges of the
lymph glands of the mutants, as detected by HPA staining, were
considerably smoother than those of the wild type larvae, and had
a constant thickness. HPA-positive materials formed a shell-like
structure, with some gaps, over the entire surface of the lymph
gland cells of dC1β3GalT1EY13370 mutants (Fig. 4D and E, arrow-
heads). These observations suggested that the smooth surface of
the lymph glands of dC1β3GalT1EY13370 mutants, as evidenced by
the RI (Fig. 4H), was caused by the deposition of extracellular
material from blood cells rather than blood cells themselves.
Therefore, we propose that ectopic coagulation occurs on the
surface of the lymph gland of the dC1β3GalT1EY13370 mutants.
HPA-positive materials were also present around PSC cells in the
mutants (Fig. 4I–K). Nuclear staining of PSC cells showed that they
were more densely packed in a narrow region of the lymph gland
in the dC1β3GalT1EY13370 mutants compared with the wild type
larvae (Fig. 1N and O), suggesting that HPA-positive materials
distorted the hematopoietic niche. Distortion of the hematopoietic
niche might have been caused by the pressure generated between
the developing lymph gland hemocytes and the clotting shell, and
might have impaired ﬁlopodial extension from the cells in the
niche. This might explain why ﬁlopodia could not extend from
PSC cells.
A number of coagulation factors have been identiﬁed in the
blood of various species. In Drosophila, various compounds have
been identiﬁed as participating in coagulation, such as Hml,
tiggrin, and lipophorin (Scherfer et al., 2004). In this study, we
focused on Hml, an ortholog of the human von Willebrand factor
(VWF; Goto et al., 2001), because of its common and conserved
functions in clotting for hemostasis (Scherfer et al., 2004). We
viewed the Drosophila larval body cavity (hemocoel) as being
analogous to the blood vessels of mammals, because both the
Fig. 5. Ectopic localization of Hml in the lymph gland of dC1β3GalT1 mutant. (A–C) In the wild type larvae, Hml was localized on the plasmatocytes. Tn antigen, which is
recognized by HPA, was not detected on the primary lobe. (D–F) Higher magniﬁcation revealed that Hml was mainly intracellular. (G–I) In the dC1β3GalT1EY13370 larvae, large
amounts of Hml were detected ectopically on the primary lobe of the lymph glands. (J–L) Aggregation of Hml was detected on plasmatocytes. (A–L) The primary lobes are
outlined by a yellow dotted line, and the border between the MZ and CZ is shown by a white dotted line. The dC1β3GalT1EY13370 mutants are indicated as dC1β3GalT1-. Scale
bars: (D–F, J–L) 10 μm, (A–C, G–I,) 50 μm.
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hemolymph and blood cells circulate in closed systems. Therefore,
we examined the shell-like structure around the lymph glands of
the dC1β3GalT1EY13370 mutants to determine if Hml played a role
in its formation. In the wild type larvae, Hml was mainly expressed
by NimC1-positive plasmatocytes (Fig. 5A and B). Again, HPA was
not detected on the primary lobe of the lymph glands of wild type
larvae (Fig. 5C). At higher magniﬁcations, Hml was detected in the
cytosol of plasmatocytes, suggesting that Hml was secreted from
the plasmatocytes into the hemolymph (Fig. 5D–F). In contrast to
wild type larvae, large amounts of Hml were detected on the
plasmatocytes of dC1β3GalT1EY13370 mutants (Fig. 5G–I). Higher
magniﬁcations revealed that surface Hml was not only localized on
the membrane of plasmatocytes but also spread all over the lymph
gland (Fig. 5J–L). This indicated that many secreted Hmls adhered
to the surface of the lymph glands of the mutants. Therefore, we
hypothesized that the attached Hmls were involved in the forma-
tion of the clotting shell in the lymph glands of the mutants.
We then analyzed the biochemical characteristics of Hml
(Fig. 6A and B). The molecular weight of non-glycosylated Hml is
426.2 kDa, and Hml has three putative O-glycosylation sites.
Western blot analysis of the wild type by using anti-Hml antibody
showed two bands, a lower (open arrowhead) band and a higher
(closed arrowhead) band, which presumably correspond to a
monomer and a dimer, respectively (Goto et al., 2001), because
Fig. 6. Qualitatively different behavior of T antigen, Tn antigen, and Hml in dC1β3GalT1 mutants. (A, B) Lectin blot and western blotting analyses of the hemolymph (A) and
lymph glands (B) of the wild type and the dC1β3GalT1 EY13370 and Hmlf03374 mutants using PNA lectin, HPA lectin, and antibody against Hml. The samples were separated by
SDS-PAGE (5% gel). Open arrowheads and closed arrowheads indicate the presumed monomer and dimer of Hml, respectively. The star indicates degraded hemolectin (A).
The degraded or monomeric Hml increased in the hemolymph (A) or lymph gland (B) of the dC1β3GalT1 EY13370 mutants, respectively. The arrow shows the intrinsic band in
Hml mutants (A, B). Coomassie-stained bands were used as a loading control (A). α-Tubulin was used as the internal control (B). The dC1β3GalT1EY13370 mutants are indicated
as dC1β3GalT1-. The Hmlf03374 mutants are indicated as Hml-.
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of the disappearances of both bands in the Hmlf03374 hemolymph
and lymph gland. Both the presumed dimer and presumed
monomer of Hml had T antigens in the wild type hemolymph
and lymph gland. As shown in Fig. 6A, the two PNA-positive bands
in wild type hemolymph disappeared both in the dC1β3Gal-
T1EY13370 hemolymph and in the Hmlf03374 hemolymph. Moreover,
new HPA-positive bands appeared in the dC1β3GalT1- hemolymph
but not in the Hmlf03374 hemolymph. These results indicated that
Hml is the major glycoprotein carrying the T antigens in hemo-
lymph. In addition, the presumed dimer of Hml decreased and the
degraded Hml (star) appeared in the dC1β3GalT1EY13370 hemo-
lymph. As shown in Fig. 6B, the presumed dimer of Hml also
decreased, whereas the presumed monomer of Hml increased in
dC1β3GalT1EY13370 lymph glands. The two PNA-positive bands
corresponding to the presumed dimer and presumed monomer
of Hml in wild type lymph glands disappeared in the dC1β3Gal-
T1EY13370 lymph glands, and then a new HPA-positive band
corresponding to the presumed monomer of Hml appeared
in the dC1β3GalT1- lymph glands. No new HPA-positive band
corresponding to the presumed dimer of Hml could be detected
in the dC1β3GalT1- lymph glands, because the reduced amount of
the presumed dimer of Hml might cause undetectable signals of
the corresponding HPA-positive band. These alterations of char-
acteristics of Hml may cause abnormal aggregation of Hml.
To investigate the role of Hml in the formation of the clotting
shell, we generated larvae with a dC1β3GalT1EY13370; Hmlf03374
genotype, which expressed neither Hml nor T antigen, and
examined their lymph glands. In these larvae, the area of the
HPA-positive shell over the surface of the lymph gland was
signiﬁcantly reduced (Fig. 4F and G). Concurrently, we found that
the RI of the lymph glands of dC1β3GalT1EY13370; Hmlf03374 larvae
was higher than that of the lymph glands of dC1β3GalT1EY13370
mutants (Fig. 4H and Fig. S1E and F), demonstrating that Hml was
involved in the construction of the shell-like structure on the cells
of the lymph glands of dC1β3GalT1EY13370 mutants. Although the
number of Tn antigens on the lymph glands of the dC1β3Gal-
T1EY13370; Hmlf03374 larvae was greatly reduced (Fig. 4F and G),
morphological recovery of the lymph gland was limited (Fig. 4H).
This might be due to (1) other factors in the hemolymph, in
addition to Hml, that may also be involved in abnormal coagula-
tion in the dC1β3GalT1EY13370 mutants, or (2) an increase in inter-
cell adhesion (see Discussion).
To determine whether the reduction in the area of the clotting
shell was sufﬁcient to maintain HSCs in the lymph gland of the
dC1β3GalT1EY13370 mutants, dC1β3GalT1EY13370; Hmlf03374 larvae
were examined. We found that removal of Hml was the only
factor that preserved the number of HSCs in the absence of T
antigen (Fig. 7A–C), indicating that loss of the clotting shell
permitted ﬁlopodial extension in the PSC.
When expression of Hml was inhibited in the dC1β3Gal-
T1EY13370 mutant by using an RNAi construct of Hml (Fig. 7E),
reduction of the clotting shell on the surface of the lymph gland
was observed (Fig. 7F). Furthermore, localization of plasmatocytes
and of NimC1- and HPA-negative blood cells conﬁrmed the
restoration of HSCs (Fig. 7D–F). In this mutant, ﬁlopodial protru-
sions were also restored (Fig. 7F, inset and Fig. 2K). In addition,
Fig. 7. HSCs are restored by the reduction of Hml in the dC1β3GalT1 mutant. (A–C) In the dC1β3GalT1EY13370; Hmlf03374 larvae, the number of HSCs, marked by domeMESO-
lacZ, was maintained. Note that HPA-positive materials are greatly reduced. (D–F) In the dC1β3GalT1EY13370; hml-Gal4 UAS-Hml RNAi larvae, the clotting shells were reduced
and HSCs were restored. The nuclei were stained by Hoechst. The recovered ﬁlopodial extensions are shown in the inset (F). (G–I) In the dC1β3GalT1EY13370; hml-Gal4 UAS-rpr
larvae, the clotting shells were reduced and HSCs were restored. (A–I) The primary lobes are outlined by a yellow dotted line, and the border between the MZ and CZ is
shown by a white dotted line. The dC1β3GalT1EY13370 mutants are indicated as dC1β3GalT1-. Scale bars: (A–I) 50 μm; (F, inset) 5 μm.
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plasmatocytes were eliminated by overexpression of the apoptotic
gene rpr. Reduction of plasmatocytes (Fig. 7I) led to the reduction
of Hml (Fig. 7G) and resulted in loss of the clotting shell (Fig. 7H
and I). Localization of NimC1-positive and -negative cells also
indicated the restoration of HSCs in this mutant (Fig. 7I).
Discussion
Our analyses indicate that the mucin-type O-glycan T antigen,
supplied by plasmatocytes, can alter the biochemical character-
istics of hemolymph. Since all larval organs are immersed in
hemolymph, this ﬂuid has important roles in regulating cellular
function. This study has identiﬁed novel functions for mucin and
hemolymph. Abnormal T antigen altered the characteristics of the
hemolymph, allowing the clotting factor Hml to form a shell
around the lymph gland, resulting in the loss of HSCs through
impairment of ﬁlopodial extension from the hematopoietic niche.
The study also suggests that the signals from the hematopoietic
niche to HSCs that are essential for the maintenance of the
progenitor nature of HSCs are transmitted by ﬁlopodia.
The ﬁlopodia that extend from the PSC are believed to play
important roles in signal transduction to the MZ (Krzemień et al.,
2007; Mandal et al., 2007), although evidence for this function has
been lacking. This study provided evidence that ﬁlopodial exten-
sion from the PSC functions in the regulation of HSCs in the MZ
(Fig. 2A–D). Moreover, ectopic inhibition of ﬁlopodial extension by
reduction of SCAR protein levels in the PSC resulted in a decrease
in the levels of HSCs and an increase in the levels of mature
hemocytes (Fig. 2M–R). We also showed that an Hml-containing
“shell” was present on the primary lobe of the lymph glands in
larvae that lack T antigen on their HSCs (Fig. 4D, E, I–K and Fig. 5G–
L). Biochemical analyses revealed that the behavior of Hml is
changed in the absence of T antigen (Fig. 6). The degraded Hml
was detected in the hemolymph (Fig. 6A), and the dimeric Hml
was reduced both in the hemolymph and the lymph glands
(Fig. 6A and B). Overexpression of T antigen on plasmatocytes
and elimination of Hml in the dC1β3GalT1EY13370 mutants restored
HSCs in the lymph glands (Fig. 2E–J and Fig. 7A–C). The loss of
HSCs in the dC1β3GalT1EY13370 mutants was also rescued by a
modest number of plasmatocytes that express the normal T
antigen (Fig. 2H–J). This result indicates that wild type Hml, which
is modiﬁed by the T antigen, could prevent the clotting of
abnormal Hml. Together, these results indicated that ﬁlopodial
extensions from the PSC transmit signals that are essential for the
maintenance of HSCs. We also showed that T antigen has a role in
regulating the physiological characteristics of hemolymph,
thereby, enabling the normal functioning of the organ.
In the wild type hemolymph, the major protein carrying T
antigen was found to be Hml (Fig. 6A). However, many other
proteins were also found to carry T antigen in the wild type lymph
glands (Fig. 6B). In dC1β3GalT1EY13370 mutants, several HPA-
positive bands besides Hml appeared both in the hemolymph
and in the lymph glands. T antigen is the main mucin type O-
glycan in Drosophila. However, extended core 1 structures, includ-
ing glucuronylated T antigen, have been reported (Aoki et al.,
2008). The proteins carrying extended core 1 structures might
appear as HPA-positive bands between dimeric and monomeric
Hml both in the dC1β3GalT1EY13370 hemolymph and lymph glands,
and appear as an HPA-positive band near the gel top in the
dC1β3GalT1EY13370 lymph glands.
The MZ has been reported to receive Hh and JAK-STAT signals
from the PSC (Krzemień et al., 2007; Mandal et al., 2007). To our
knowledge, there is no evidence of crosstalk between the Hh and
JAK-STAT signaling pathways, suggesting that Hh and unpaired
(Upd) ligands (Upd1–3) are independently essential for the
regulation of lymph gland HSCs. The ligands of the JAK-STAT
signaling pathway that function in the regulation of HSCs in the
lymph gland have not yet been clearly identiﬁed. It has been
reported that Upd1 is trapped in the extra cellular matrix (ECM)
after secretion and does not pass into the surrounding medium,
although Upd2 is not trapped in the ECM (Harrison et al., 1998;
Hombria et al., 2005). Thus, our model suggests that Upd2 might
not be a candidate ligand. The characteristics of Upd3 remain
unclear, although it is known that Upd3 is expressed in the PSC
(Jung et al., 2005). Our analyses suggest that it is more likely that
Upd1 and/or Upd3 are the ligands of the JAK-STAT signaling
pathway in the lymph gland, rather than Upd2.
Filopodia regulate the direction and distance of ligand transfer.
Drosophila lymph glands are surrounded by a high concentration of
ECM molecules secreted by plasmatocytes. As mentioned previously,
Upd1 is secreted and trapped in the ECM. In contrast, Hh interacts
with the plasma membrane via its C-terminal cholesterol moiety
(Peters et al., 2004), which probably inhibits long-range diffusion.
Hence, it is expected that transfer of both candidate signaling
molecules, Upds and Hh, from the PSC to MZ cannot be assured by
a concentration-dependent diffusion mechanism. Our results showed
that the progenitor nature of hematopoietic precursor cells is lost in
the absence of ﬁlopodial extension from the PSC (Fig. 2A–D and M–
R). They also suggested that PSC cells and HSCs might not have two-
dimensional diffusion mechanisms, which provide a sufﬁcient signal
for the maintenance of HSCs in the MZ, and that ﬁlopodial extensions
help to expand the transportation range of ligands. Thus, in contrast
to mechanisms based on concentration-dependent diffusion, ﬁlopo-
dia may be essential for directional signal transduction in the
lymph gland.
Our analysis revealed that the lymph glands of dC1β3Gal-
T1EY13370 larvae had an unusually rounded smooth surface and
displayed a tightly packed cellular morphology (Fig. 3B and E).
Overexpression of dC1β3GalT1 in differentiated blood cells or loss
of Hml was sufﬁcient to restore HSCs in the lymph glands of the
mutants. This restoration was accompanied by a partial recovery
from the defective morphology of the lymph gland (Fig. 4H).
Remaining defects in the mutants after HSC recovery might have
arisen because inter-cell adhesion between plasmatocytes was
increased over the normal level in the absence of T antigen in
HSCs. Because plasmatocytes are derived from HSCs, we induced
dC1β3GalT1 expression in all blood cell lineages by the simulta-
neous use of Act5C-Gal4, which is strongly expressed in HSCs (Jung
et al., 2005), and hml-Gal4. This induction resulted in a further
rescue of lymph gland morphology (Fig. 4H). It has been reported
that the macrophage surface lectin binds to Tn antigen (which is
an O-linked GalNAc) in humans (Suzuki et al., 1996). dC1β3Gal-
T1EY13370 hemocytes express Tn antigen instead of T antigen on the
cell surface. Because Drosophila plasmatocytes have properties
similar to those of macrophages, such carbohydrate–lectin inter-
actions may exist and accelerate cell–cell adhesion. These inter-
cell interactions could explain the putative increase in cell adhe-
sion between lymph gland cells in the dC1β3GalT1EY13370 mutants.
The A disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTSs) are extracellular proteolytic enzymes. The
ADAMTS family metalloproteinases are known to cleave various
targets such as aggrecan, versican, procollagens, and VWF (Porter
et al., 2005). VWF is cleaved by ADAMTS13, an ADAMTS-family
protein. This study showed that Hml, an ortholog of VWF, changed
its behavior and deposited on the surface of the lymph gland in
the absence of T antigen. This result suggests that T antigen is
essential for the cleavage of Hml by ADAMTS-like enzymes. Some
Drosophila ADAMTS-family proteins have a Thr/Ser-rich domain,
on which the T antigen could be synthesized. Hence, T antigen may
also have important roles for the secretion or enzymatic function
of these enzymes. The clotting shell may be digested by these
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enzymes, and modest numbers of plasmatocytes that synthesize T
antigen by the srpHemo-Gal4 driver may supply enough enzymes
to dissolve the clotting shell. These processes may explain the
restoration of HSCs with modest numbers of plasmatocytes that
synthesize T antigen (Fig. 2H–J). Thus, T antigen may regulate the
physiological characteristics of the hemolymph by regulating
enzymatic function and proper proteolysis.
Tn syndrome is a rare autoimmune disease in humans that occurs
due to a reduction in C1β3GalT activity that results in a decrease in T
antigen formation. Understanding the function of T antigen in
Drosophila hematopoiesis might help elucidate the mechanisms
underlying human Tn syndrome. Because many blood cell types are
altered in Tn syndrome, it is possible that the HSCs are also affected.
Recent studies reported that hematopoiesis in the bone marrow
occurred around the sinusoidal capillaries and osteoblasts in the
endosteum using CXCL12-abundant reticular (CAR) cells as a cellular
niche; the CAR cells produce the cytokine CXCL12 and have long
cellular protrusions (Nagasawa, 2008; Sugiyama et al., 2006;
Tokoyoda et al., 2004). Thus, cellular protrusions may be a common
aspect of signal transduction from niches to stem cells, and may be a
conserved and fundamental mechanism in hematopoiesis across
species. Because blood ﬂows through the bone marrow, HSCs are
immersed in blood plasma. Thus, the condition of the blood plasma
will directly affect HSCs. Blood plasma, tissue ﬂuids, and lymph in
vertebrates may share the same intrinsic properties as Drosophila
hemolymph. In Drosophila, reduction in T antigen levels alters the
properties of the hemolymph and secreted proteins, and damages the
hematopoietic niche. Our results suggest that a decrease in the level
of T antigen may alter the biochemical characteristics of the blood
plasma in humans in a similar fashion as in Drosophila. Alteration in
the blood plasma will change the condition of the hematopoietic
niche and cause the loss of HSCs in the bone marrow. Our results
suggest that there may be a common role for T antigen among
species in the regulation of HSCs. These ﬁndings will help accelerate
the elucidation of the mechanisms of human hematopoiesis, and may
lead to an improved understanding of the pathogenesis of the rare
human autoimmune disease, Tn syndrome. In turn, this would aid
the development of new therapeutic approaches. Of course, it is
conceivable that defects in tissue ﬂuids affect not only the
hematopoietic niche but also other tissues in the body.
In conclusion, this study demonstrated that ﬁlopodial exten-
sion is required for regulation of the HSC population. In addition,
our results revealed that ﬁlopodial extension is mediated via the
adjustment of the physiological characteristics of the ﬂuid that
immerses tissues in a mucin-type glycoconjugate.
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